Abstract: Colorado, the headwaters for much of the United States, is one of the fastest growing states in terms of both population and land development. These land use changes are impacting jurisdictional streams, and thus require compensatory stream mitigation via environmental restoration. In this article, we first characterize current demand and supply for stream mitigation for the entire state of Colorado. Second, we assess future demand by forecasting and mapping the lengths of streams that will likely be impacted by specific development and land use changes. Third, based on our interviews with experts, stakeholders, resource managers, and regulators, we provide insight on how regulatory climate, challenges, and water resource developments may influence demand for stream mitigation. From geospatial analyses of permit data, we found that there is currently demand for compensatory stream mitigation in 13 of the 89 HUC-8 watersheds across Colorado. Permanent riverine impacts from 2012-2017 requiring compensatory mitigation totaled 38,292 linear feet (LF). The supply of stream mitigation credits falls well short of this demand. There has only been one approved stream mitigation bank in Colorado, supplying only 2539 LF credits. Based on our analyses of future growth and development in Colorado, there will be relatively high demand for stream mitigation credits in the next 5-10 years. While most of these impacts will be around the Denver metropolitan area, we identified some new areas of the state that will experience high demand for stream mitigation. Given regulatory agencies' stated preference for mitigation banks, the high demand for stream mitigation credits, and the short supply of stream credits, there should be an active market for stream mitigation banks in Colorado. However, there are some key obstacles preventing this market from moving forward, with permanent water rights' acquisitions at the top of the list. Ensuring stream mitigation compliance is essential for restoring and maintaining the chemical, physical, and biological integrity of stream systems in Colorado and beyond.
Introduction
Since at least 2010, Colorado has been one of the fastest growing states in the United States (USA) in terms of population. From 2010 to 2015, for example, Colorado ranked second among all states in population growth [1] , and it is consistently listed as one of the top states for domestic migration [2] . Perhaps expectedly, the state's high population growth is coupled with strong job growth [3] , including but certainly not limited to a "high concentration of energy [sector] employment" [4] . What is more, these growth processes, which have "brought Colorado good jobs, new amenities and, for a time, the country's lowest unemployment rate . . . [have] no end in sight": state demographers expect Colorado to grow by nearly 40% over the next 23 years [5] .
While growth, in as many economic indicators and for as long as possible, is often championed as a political goal [6] -and is therefore framed as an unimpeachable success in most American planning and policy discourses [7] -rapid and persistent growth can have serious negative consequences [8] . Colorado study area with state and federal regulatory boundaries relevant to stream mitigation. The three USACE Districts are Omaha (NWO), which is under the Northwest Division, and Albuquerque (SPA) and Sacramento (SPK), which are under the South Pacific Division (SPD). USACE field offices are located in Denver, Pueblo, Durango, and Grand Junction.
Data

Interviews with Experts, Stakeholders, Resource Managers, and Regulators
We conducted 23 semi-structured interviews (~27 h) with experts, stakeholders, resource managers, and regulators across Colorado, as well as a few experts at the national level (Appendix A). All of the information we gathered from the interviewees is anonymous and no attempt should be made to assign certain statements or opinions to any specific individual. For every piece of information gathered, we confirmed with another interviewee or published source. We also sent a draft of this article to all interviewees, collected their edits, and revised accordingly. The large diverse group of experts, stakeholders, resource managers, and regulators we interviewed allowed us to characterize the current national and state-level regulatory climate as it pertains to stream mitigation, as well as the enabling mechanisms and challenges that stream mitigation bankers will face in Colorado over the next five years.
Stream Impacts and Compensatory Mitigation via ORM
The OMBIL Regulatory Module (ORM2) is the second version of the national database that tracks permits that authorize work performed in, over, or under designated navigable waters; for the discharge of dredged or fill material into jurisdictional waters of the USA (WOTUS), including jurisdictional wetlands; and for ocean disposal of dredged material. This database is hereafter referred to as simply ORM. We obtained ORM data from two sources in order to check for consistencies and missing records. Our initial dataset was obtained from the Ecological Restoration Business Association (ERBA). ERBA's data are the raw, unaltered data obtained via annual FOIA requests to USACE Headquarters, covering the period 2010 (1 October)-2016 (30 September). We obtained our second ORM dataset from a FOIA request we made to the USACE Albuquerque District (SPA), which covers the entire state of Colorado and the period 2012 (1 January)-2017 (30 June). The two datasets largely agreed, with 2206 unique records in common; however, there were 927 records that were present in SPA's dataset that were not present in ERBA's dataset. We also learned from a USACE ORM expert that the older annual requests will have comparatively more occurrences of errors (e.g., values for square footage instead of acres for some records). This same person assured us that the recent FOIA request we made to SPA will be more accurate. The SPA dataset also included richer information about impact type (in a field called "Worktype"), which allowed us to classify impacts into various types of land use change (e.g., transportation, development, mining). For these reasons, we only used the SPA dataset covering the period 2012-2017. Still, because there are almost certainly human-introduced errors in this dataset (e.g., data entry errors/inconsistencies), the exact values from our results should be treated as best-available estimates.
For analyses specific to stream mitigation, we only used records where the impact was: (1) permanent, (2) on a riverine/riparian Cowardin resource type, and (3) required compensatory mitigation. ORM does contain fields for mitigation required (in terms of acres, linear feet, and credits); however, due to incompleteness and inconsistencies in these units between mitigation types and across time, we used the total linear feet (LF) and acres (AC) of authorized impacts as our indicators for stream mitigation credit demand. We acknowledge that these units are not metric; however, these are the units used for mitigation credits and thus converting to metric would not be appropriate in this case.
Mitigation Bank Data via RIBITS
The Regulatory In lieu fee and Bank Information Tracking System (RIBITS) is a national geospatial database and repository for information on mitigation banking and in-lieu fee (ILF) programs, including mitigation credit availability and service areas for each bank/program. It was developed by USACE with support from EPA, U.S. Fish & Wildlife Service, the Federal Highway Administration, and National Oceanic and Atmospheric Administration. As soon as the data are entered into RIBITS by an USACE employee, they become available in real time on their website (https://ribits.usace.army.mil/). The RIBITS data we used were from 15 December 2017.
Hydrography Data and Waters of the United States (WOTUS)
We used the National Hydrography Dataset Plus (NHDPlus; v2, October 2017 update) to assess potential stream impacts from future development. To this statewide flowline dataset, we joined the value-added attributes (VAA) that contained flow classification and stream order, using the Horton-Strahler system. While actual jurisdictional determinations would have to be made after a site visit following USACE guidance, this stream order feature is useful for systematically differentiating jurisdictional WOTUS from non-jurisdictional waters over broad scales such as an entire state. NHDPlus does have a field for classifying streams as perennial, intermittent, and ephemeral; but we chose to use stream order because some intermittent streams (but not all) are jurisdictional. Based on Kampf et al. [15] , many 1st-order streams would not be considered WOTUS. Thus, we took a conservative approach and only used 2nd-order streams and above for our WOTUS assessments. Our unit for most analyses was the HUC-8 watershed level because this is the most common regulatory unit for compensatory mitigation in Colorado, and usually serves as the primary service area for mitigation banks. Service areas can also be constrained by ecoregion and elevation, but these were beyond the scope of our analyses.
Demand-Related Data
In the GIS portion of our analyses, we assessed and analyzed four drivers of stream impacts: (1) Transportation, (2) Population and Residential Development, (3) Jobs and Economic Development, and (4) Energy Development and Mining/Drilling (Table 1) . Transportation data were obtained from the Colorado Department of Transportation (CDOT) on the precise locations of projects included in the agency's 10-Year Development Plan. These projects describe road segments or related infrastructure (e.g., bridges, culverts) that are authorized to be built in the coming decade. CDOT further provides spatial data on its existing road segments. Existing segments are classified by CDOT into three types: local, major, and highway. For the former two classes of roads-local and major, which are within Colorado, while highways describe interstate roads-CDOT provides data on the year in which a segment was built, as well as its current levels of Annual Average Daily Traffic (AADT). With respect to the latter, we assume that AADT relative to designed road capacity may offer insights into where new transportation projects are likeliest to occur in the near future (i.e., to alleviate congestion). (2010) (2011) (2012) (2013) (2014) (2015) (2016) and projected (2016-2021) growth rates provided by Esri at the block group level were applied to the 2010 census block level data to facilitate fine-resolution analyses. Block groups are, as their name suggests, groups or clusters of spatially contiguous census blocks. Adjacent blocks are grouped in order to protect individuals' privacy when reporting sensitive socioeconomic information. In current practice, block group data are updated regularly, as new data become available from the ongoing U.S. Census American Community Survey (ACS) project. Block-level data, by contrast, are not updated between decennial censuses. For that reason, we made the simplifying assumption that change in block-level population and housing unit counts will occur at the same rate as in their parent block groups.) Changes in population and housing units over time are used below as proxies for land use change related to residential housing development.
Two publicly accessible datasets contain valuable information on patterns of jobs and economic development and, by proxy, land use changes related to commercial and industrial development. First, the Longitudinal Employer-Household Dynamics (LEHD) Origin-Destination Employment Statistics (LODES) data product from the U.S. Census Bureau provides an annual total count of jobs at the census block level of analysis. Annual job counts for each year from 2010 to 2015 (the most recent available date) were downloaded for all census blocks in the state of Colorado. These data are used below to measure changes in job counts over time, at a fine spatial resolution, as a proxy for economic development-related land uses. Second, the State of Colorado Office of Economic Development maintains a website called "Choose Colorado" (or Colorado InSite: https://choosecolorado.com/ doing-business/property-search), where it markets shovel-ready sites to potential developers. As of December 2017, the website promoted 5430 undeveloped sites, nearly all of which are located in relatively close proximity to I-25 between Colorado Springs in the south and Fort Collins in the north. The spatial coordinates of these sites were obtained from Colorado InSite and used to create a point data layer in a GIS. Of the 5430 sites, 5349 (98.5%) contained valid spatial coordinates and, therefore, constituted the sample for this investigation. One attribute included in the sample data was LotSize, which describes, in acres, the spatial extent of each developable site. Because these sites are being actively promoted through a state economic development agency, they represent areas where land use changes (and, hence, environmental impacts) are likely to occur in the near to medium term. Accordingly, the locations and spatial extents of these presently vacant sites are useful proxies for future development-related land use changes.
Permitted active construction mines and active hardrock mines were acquired from the Colorado Department of Natural Resources Division of Reclamation Mining and Safety as GIS point data layers. Existing oil and gas facility locations and well lines were downloaded from the United States Geological Survey (USGS) Environment and Energy in the Rocky Mountain Area (EERMA) GIS data portal. In addition, spatial data were obtained from USGS EERMA on energy potential in two areas: geothermal and oil/gas. Collectively, these variables are used as surrogates for land use changes or land impacts related to energy development and mining and drilling.
Methodology
We employed a suite of spatial analytical and conventional statistical methods to map likely stream impacts in Colorado over the next five years. Demand for stream mitigation throughout was proxied using a composite index that proved to be useful for distinguishing between known: (1) locations in Colorado that registered stream impacts from 2012-2017 and those that did not, and (2) stream impact sites that required compensatory mitigation from 2012-2017 and those that did not (Appendix B). The index most readily describes a given location's level of risk, or degree of likelihood, of experiencing stream impacts related to the pressures of growth and development. Therefore, because we assume that demand is primarily a function of (1) development-related land use changes/impacts and (2) stream density, the index acts as a proxy measure of demand.
Construction, evaluation, and implementation of the index followed a suitability analysis protocol that is fully described in Appendix B. In brief, we rasterized all vector data described in Table 1 to create input datasets with common projection, coordinate system, and spatial resolution (1800-m pixels). From there, we used map algebra to create a weighted, composite index to represent overall land use change in the presence of streams in the thematic areas of population and housing, transportation, oil/gas, and mining from 2010-2016. After considering all of the current (through 2016) variables summarized in Table 2 as candidates for the composite demand index, the final index used only those variables that took on statistically significantly different values in impact and non-impact sites. In other words, only the variables that were useful for identifying stream impacts were represented in the index. The list of these variables, and their impact strengths/degrees of influence in the index, are described in Table 3 . The value of the weighted index was compared between pixels where known stream impacts occurred through 2016 (ORM dataset) and a random sample of pixels in which there were no known impacts. Comparisons were made using both a parametric t-test for equality of means and a nonparametric Mann-Whitney/Wilcoxon test. The null hypotheses of equal means and equivalent distributions, respectively, were easily rejected. Put another way, statistical testing was used to explore whether the composite index created using the variables from Table 3 could successfully discriminate between stream impact sites and non-impact locations (Appendix B). After the tests supported this assertion, and thus the index proved to be a suitable proxy for development-related impacts/demand, we created an analogous index using projected data to quantify future demand. More specifically, the same process was used to compute an index based on the future-oriented variables enumerated in Table 4 . 
Results
Spatial Distribution of Recent Stream Impacts Requiring Compensatory Mitigation
Our ORM dataset covered the period 2012-2017 and contained 14,390 records, of which 3131 were unique permits. Given the focus of this project on stream mitigation and taking into consideration that mitigation is usually only required for the loss (or permanent conversion) of an aquatic resource, we filtered this dataset to only include riverine resource types (including riparian lotic) and permanent impacts. This filtered dataset resulted in 3380 permanent riverine impacts, with the vast majority being in the South Platte River Basin around the Denver metropolitan area (Figure 2 ). Compensatory mitigation was required for 203 of these impacts, which includes 38,292 linear feet (LF) and 99.45 acres (AC) of permitted impacts. Of these, a little more than half (107/203) were permittee-responsible mitigation (PRM), accounting for 26,605 LF (69%) and 87.10 AC (88%). In both SPA and SPK, all permanent riverine impacts requiring mitigation were PRM. NWO had a much different situation. While there were 36,378 LF of permanent riverine impacts requiring mitigation in NWO, only 24,691 LF were PRM. That leaves 11,687 LF of non-PRM permanent riverine impacts requiring mitigation, and we are not sure how these losses were offset because there were no stream mitigation banks or ILF in NWO in Colorado. We analyze some of these impacts within the context of RIBITS in the next section.
Compensatory mitigation for stream impacts in Colorado is preferred in the same HUC-8 watershed as the impact and in-kind (i.e., same aquatic resource type). With this in mind, we organized permanent riverine impacts requiring compensatory mitigation by HUC-8 watershed and resource type. To inform subsequent analyses and also to give mitigation bankers a sense of current demand, Figure 3 shows how many LF of permanent riverine impacts requiring compensatory mitigation have been authorized (by HUC-8 watershed) in Colorado for 2012-2017. As Figure 3 illustrates, there is high current demand for stream mitigation in HUC-8 watersheds surrounding the Denver metropolitan area, with two HUC-8s having more than 10,000 LF: Middle South Platte-Cherry Creek (10190003) and St. Vrain (10190005). There are several large water projects proposed for these two watersheds in the near future, which will likely add to this demand considerably. Nine other HUC-8s across Colorado have only marginal demand (<1000 LF). 
RIBITS and Current Supply of Mitigation Credits
Using RIBITS to assess supply of mitigation credits, we found there have been 19 mitigation banks in Colorado (Figure 4 ). Of these, two have been sold out (i.e., all credits have been debited), two are suspended (no longer in compliance), and five are pending (under review or not yet in compliance). Three of the pending banks propose to offer stream credits: Cherry Creek (5500 LF perennial and 8613 LF intermittent/ephemeral to be used in the Middle South Platte-Cherry Creek watershed), Rabbit Creek (5000 
Using RIBITS to assess supply of mitigation credits, we found there have been 19 mitigation banks in Colorado (Figure 4 ). Of these, two have been sold out (i.e., all credits have been debited), two are suspended (no longer in compliance), and five are pending (under review or not yet in compliance). Three of the pending banks propose to offer stream credits: Cherry Creek (5500 LF perennial and 8613 LF intermittent/ephemeral to be used in the Middle South Platte-Cherry Creek watershed), Rabbit Creek (5000 In order to characterize likely stream mitigation credits for specific developments, we also summarized impacts by development type (Table 5 ). In terms of LF, commercial developments had the longest mean impact, followed by bank stabilization projects. Bank stabilization projects also had the greatest overall impact. What these findings suggest is that, while our composite index heavily weights commercial development activities (Appendix B), which appear to be responsible for meaningful historical stream impacts (Table 5) , our final results might understate the levels of impact risk/mitigation demand in Colorado. The reason for this possibility is that data on bank stabilization projects are not readily available and were not incorporated into our index. As such, our index-which uses only commercial and residential development, transportation, and energy generation and mining proxy variables-might understate the degree and geography of near-future stream impacts in Colorado. 
Using RIBITS to assess supply of mitigation credits, we found there have been 19 mitigation banks in Colorado (Figure 4 ). Of these, two have been sold out (i.e., all credits have been debited), two are suspended (no longer in compliance), and five are pending (under review or not yet in compliance). Three of the pending banks propose to offer stream credits: Cherry Creek (5500 LF perennial and 8613 LF intermittent/ephemeral to be used in the Middle South Platte-Cherry Creek watershed), Rabbit Creek (5000 LF perennial and 6300 LF intermittent to be used in the Cache La Poudre watershed), and Colorado River Conservation Reserve (9550 LF to be used in the Colorado Headwaters watershed). These LF are lengths of work, not actual proposed stream credits. The Cherry Creek and Rabbit Creek banks propose to be joint species/stream/wetland banks, providing natural, restored, and enhanced habitat for the Preble's meadow jumping mouse. There are no ILF programs/sites in Colorado. Only 10 mitigation banks had credits available for debiting ( Figure 4 ). Eight of these banks are solely wetland banks, with a sum of 102.9 AC credits currently available. The East Plum Creek bank is the only species bank, with 9.3 habitat credits for the Preble's meadow jumping mouse. The Animas River Wetlands bank is the only bank that provides stream credits (Shaded Riverine Aquatic Restored), located in southwestern Colorado with a primary service area in the Animas watershed (14080104). Out of the 2539 LF credits that were released, 1480 credits have been withdrawn, leaving 1059 credits available for debiting.
Most of the credits debited from the mitigation banks in RIBITS occurred before 2012, so we were not able to compare those with our ORM dataset. However, there are several examples of permanent riverine impacts requiring mitigation debited wetland credits. The CO-Riverdale Bank (solely a wetland bank) was used as mitigation for 10 different riverine impact permits requiring compensatory mitigation. The total authorized non-PRM impacts were 3050 LF and 1.65 AC; yet, only 1.34 credits were debited from the bank for these impacts. A similar discrepancy occurred at the CO-Middle South Platte River mitigation bank, also solely a wetland bank. The total authorized non-PRM impacts (14 different permits) were 2590 LF and 0.96 AC; yet, only 3.4 credits were debited from the bank for these impacts. Both of these banks are located Only 10 mitigation banks had credits available for debiting ( Figure 4 ). Eight of these banks are solely wetland banks, with a sum of 102.9 AC credits currently available. The East Plum Creek bank is the only species bank, with 9.3 habitat credits for the Preble's meadow jumping mouse. The Animas River Wetlands bank is the only bank that provides stream credits (Shaded Riverine Aquatic Restored), located in southwestern Colorado with a primary service area in the Animas watershed (14080104). Out of the 2539 LF credits that were released, 1480 credits have been withdrawn, leaving 1059 credits available for debiting.
Most of the credits debited from the mitigation banks in RIBITS occurred before 2012, so we were not able to compare those with our ORM dataset. However, there are several examples of permanent riverine impacts requiring mitigation debited wetland credits. The CO-Riverdale Bank (solely a wetland bank) was used as mitigation for 10 different riverine impact permits requiring compensatory mitigation. The total authorized non-PRM impacts were 3050 LF and 1.65 AC; yet, only 1.34 credits were debited from the bank for these impacts. A similar discrepancy occurred at the CO-Middle South Platte River mitigation bank, also solely a wetland bank. The total authorized non-PRM impacts (14 different permits) were 2590 LF and 0.96 AC; yet, only 3.4 credits were debited from the bank for these impacts. Both of these banks are located in NWO, which has never had an approved stream bank. Thus, NWO has historically relied on using wetlands acre-based credits as stream offsets by multiplying the length of the stream impact by its mean width (e.g., 10 ft) to derive AC of stream impacts.
Forecasting Impacts and Demand for Stream Mitigation in Colorado Using Suitability Analysis
With the preceding points in mind, the GIS-based suitability analyses contained herein are guided by two main assumptions:
Demand for stream mitigation is an increasing function of land use changes related to growth and development. 2.
Demand for stream mitigation is higher for land use changes in areas with greater concentrations of streams.
Governed by these assumptions, suitability analysis was employed to answer eight specific questions:
Which qualitative impact types (e.g., residential development, transportation) have occurred most frequently in Colorado in the past~5 years? 2.
Which qualitative impact types have required mitigation most frequently in Colorado in the past 5 years? 3.
Do proxy variables for recent land use change (e.g., population change, housing unit change) differ significantly between impact sites that required mitigation and those that did not? 4.
Where are impacts likely to occur in Colorado in the next~5 years? 5.
Which stream segments in Colorado are most at risk for impacts in the next~5 years? 6.
How many linear feet (LF) of streams in Colorado are at risk for impacts in the next~5 years? 7.
How many LF of streams in each HUC-8 unit in Colorado are at risk for impacts in the next 5 years? 8.
Which HUC-8 units in Colorado are (most) likely to experience impactful land use change in the next~5 years?
The most frequent types of stream impacts in Colorado during the past~5 years were classified as Transportation (34.4%), Other (23.4%), and Structure (22.2%). Transportation impacts are most often related to road construction, improvements, and maintenance. Overwhelmingly, the most common activities in the catchall "Other" category are bank stabilization and dam maintenance, as indicated above. Some of the most common forms of Structure impacts relate to intake/outtake structures, structural maintenance, recreation, and utility lines. Because of the variety inherent in the latter two categories, Other and Structure impacts are difficult to detect with empirical data. Transportation impacts, by contrast, ought to manifest in CDOT datasets. This notion is expanded on later in this report. Noteworthy for this section, along with the interpretation of our results, is that CDOT has been thorough in acquiring permits for their impacts and providing compensatory mitigation for these impacts. This finding may bias the distribution of impact type; however, it also leads to stream mitigation demand being more predictable in Colorado.
Whereas Table 6 provides a tentative answer to research question #1, observe that the frequency of certain impact types does not necessarily speak to patterns of mitigation (research question #2). For that reason, Table 7 breaks down the generalized impacts from above by their mitigation statuses-namely, whether or not they required compensatory mitigation. As Table 7 shows, Transportation impacts remain atop the new, "mitigation required" list. However, Development takes the second position. That is, although Development impacts account for only 7.5% of all impacts from the 2010-2017 duplicate-reduced ORM dataset (Table 6 ), they constitute a disproportionately high 21.2% of all cases for which compensatory mitigation was required. By contrast, Other and Structural impacts account for disproportionately low shares of mitigation cases: 18.0% (mitigation cases) versus 23.4% (impacts) and 12.0% (mitigation cases) versus 22.2% (impacts), respectively (refer to Tables 6 and 7 ). The upshot is that demand for stream mitigation in Colorado appears to vary more systematically with Transportation and Development impacts than with the other generalized impact types described in the ORM data. Fortunately, and as elaborated on below, these are the two categories of impacts that are most readily and consistently measurable via proxy indicators from publicly accessible secondary datasets. Most of the remaining categories-particularly the diverse Other and Structure impacts-are comparatively multivocal and, for that reason, resist consistent quantification. Two exceptions are 'Mining and Drilling' and 'Energy Generation'-activities that tend to be relatively well documented by regulatory authorities. Thus, while they account for negligible percentages of overall impacts (Mining and Drilling 0.5%, Energy Generation 0.6%) and mitigation cases (Mining and Drilling 0.9%, Energy Generation 0.7%), public data are available to study these impact types. As a consequence, the four impact types that feature in the subsequent stream mitigation demand analyses are: (1) Transportation, (2) Development, (3) Mining and Drilling, and (4) Energy Generation (refer to the final column of Table 7 ). We mapped the current demand/risk levels for the entire state of Colorado ( Figure 5 ) based on the composite index described above and detailed in Appendix B. Demand/risk levels are simplified into the following categories:
Low: where the demand index is within one standard deviation of the statewide average; Moderate: where the demand index is between one and two standard deviations higher than the statewide average; High: where the demand index is between two and three standard deviations higher than the statewide average; and Very High: where the demand index is three or more standard deviations higher than the statewide average.
Risk levels tend to be highest in the rapidly growing I-25 urban corridor in the north-central part of the state. Figure 6 relies on the same classification scheme from above-based on standard deviations away from the statewide average of the future demand index variable (see Appendix B)-to map demand/impact risk in the near to medium term (5-10 years). In response to research question #4, which is interested in where impacts are likely to occur in the near future, Figure 6 suggests that demand/impact risk remains highest in the state's northern urban corridor. Risk levels tend to be highest in the rapidly growing I-25 urban corridor in the north-central part of the state. Figure 6 relies on the same classification scheme from above-based on standard deviations away from the statewide average of the future demand index variable (see Appendix B)-to map demand/impact risk in the near to medium term (5-10 years). In response to research question #4, which is interested in where impacts are likely to occur in the near future, Figure 6 suggests that demand/impact risk remains highest in the state's northern urban corridor. Concerning research question #5, which asks about specific stream segments at risk of being impacted in the near future, Figure 7 shows the results of a spatial intersection between stream segments (stream order 2 and above) and areas of High and Very High demand/impact risk. Table 8 provides a tentative answer to research question #6-how many LF of streams in Colorado are at high risk for impacts in the next ~5 years-by summarizing the spatial data from Figure 7 . Concerning research question #5, which asks about specific stream segments at risk of being impacted in the near future, Figure 7 shows the results of a spatial intersection between stream segments (stream order 2 and above) and areas of High and Very High demand/impact risk. Table 8 provides a tentative answer to research question #6-how many LF of streams in Colorado are at high risk for impacts in the next~5 years-by summarizing the spatial data from Figure 7 . Finally, Figure 8 breaks down the aggregate information from Table 8 by HUC-8 watershed to address the final two research questions (How many LF of streams in each HUC-8 in Colorado are at high risk for impacts in the next ~5 years? and Which HUC-8 units in Colorado are (most) likely to experience impactful land use change in the next ~5 years?). Of the 89 HUC-8 watersheds that fall entirely or partially within the state of Colorado, 12 were identified as having 500,000 LF or more of their stream length associated with high impact risk/demand for stream mitigation, with three of these having greater than 1,000,000 LF ( Figure  8) . Eighteen of the HUC-8 watersheds had at least 10% of their stream length at high risk for impact in the near term; three of these have more than half of their stream length at high risk (Table 9 ). Finally, Figure 8 breaks down the aggregate information from Table 8 by HUC-8 watershed to address the final two research questions (How many LF of streams in each HUC-8 in Colorado are at high risk for impacts in the next~5 years? and Which HUC-8 units in Colorado are (most) likely to experience impactful land use change in the next~5 years?). Of the 89 HUC-8 watersheds that fall entirely or partially within the state of Colorado, 12 were identified as having 500,000 LF or more of their stream length associated with high impact risk/demand for stream mitigation, with three of these having greater than 1,000,000 LF (Figure 8) . Eighteen of the HUC-8 watersheds had at least 10% of their stream length at high risk for impact in the near term; three of these have more than half of their stream length at high risk (Table 9 ). 
Stakeholder Insights on Planned Stream Mitigation in Colorado
During our more than 25 h of interviews with important stakeholders across Colorado (Appendix A), we learned valuable information not only on quantification of stream mitigation credits and associated demand, but also relevant information on the regulatory climate and the social-ecological issues of establishing a new statewide program for compensatory stream mitigation. One question we asked all scientists and resource managers in the state was: What are your expectations and concerns for planned stream mitigation in Colorado? The consistent response was cautious optimism. Practically every interviewee felt that if stream mitigation will improve the health of Colorado's degraded streams, then they are all for it as long as it is done with a landscape or watershed-scale approach, not just piecemeal. The main concern was the water rights requirements and associated obstacles. Some felt Colorado's Division of Water Resources (DWR) and the Water Court process is too stringent when it comes to obtaining water rights for stream restoration.
Related to the water rights obstacle, everyone felt that there is not enough surface water available to maintain the environmental flows necessary to mimic the Natural Flow Regime [16] in order to ensure long-term success of the stream restoration projects. The state-level interviewees that were familiar with stream mitigation banking expressed their disappointment in the five-year success criteria for mitigation banks. One scenario that was mentioned was if riparian restoration (for stream mitigation) was performed on a Colorado River tributary where tamarisk is removed and riparian willows are planted in their place, after five years the willows would probably still be there and restoration would be considered successful. However, without long-term maintenance, tamarisk would likely invade soon after and return the fluvial system to its pre-restored state. The hope of this same individual is that stream mitigation banking would take a longer-term approach similar to conservation banking where an endowment is set up to ensure a successful restoration in perpetuity. Based on discussions with USACE representatives, it is possible (and has been put into at least one bank enabling instrument) to require these types of endowments for compensatory stream mitigation, particularly if invasive species removal is part of the restoration. USACE representatives stressed that project permanence is a requirement for mitigation bank approval. As for the five-year monitoring period for full release of mitigation credits, this can be negotiated; however, USACE is sensitive to the fact that longer monitoring periods would discourage mitigation banks, which is their preferred method of mitigation.
Another concern is the broad adoption of standardized approaches to stream restoration (e.g., Rosgen-based methods; [17] ) rather than site-specific, process-based approaches. Those familiar with the Stream Quantification Tool (SQT) also expressed concern that this functional assessment tool that will be used to calculate stream impacts and credits relies too heavily on the Rosgen stream classification. Related to this concern, several interviewees felt that Colorado state agencies have prioritized engineering approaches to stream restoration over geomorphic and ecological approaches; and they fear that planned stream mitigation will reinforce and maybe even expand the engineering approach because it is easier. One interviewee pointed out that Bureau of Land Management (BLM) has been using more passive approaches to stream restoration (e.g., beaver dam analogues), and they hope that these passive approaches will be just as acceptable for stream mitigation as the more active engineering approaches that use heavy machinery and intensive earth-moving. Compensatory stream mitigation on federal land, however, is typically PRM and does not go through as rigorous of a process as private mitigation banks.
A concern from one of the state-level resource managers and one of the consultants was the potential of mitigation bankers "gaming the system," which means either finding the most profitable sites (instead of using a functional watershed approach) or conducting restoration activities that maximize credit ratios (instead of using a site-specific functional assessment). Another concern from several interviewees was that stream mitigation bankers' priorities would be finding profitable projects, without any concern for landscape/watershed-scale stream function. These individuals strongly recommended the State of Colorado take a watershed-based approach to stream mitigation, and not just approve suitable sites in a piecemeal fashion. Along these lines, a major concern of several interviewees was USACE's use of linear feet as the unit of measure for assessing stream impacts and calculating stream mitigation credits.
Discussion
Need and Desire for Stream Mitigation Banks in Colorado
Compensatory mitigation within the context of the CWA is simply "actions taken to make permitted impacts to the aquatic ecosystem less severe" [18] . The economic growth and development across Colorado over just a short period (2012-2017) led to approximately 100 AC and 40,000 LF of authorized permanent impacts to streams requiring compensatory mitigation. The vast majority of these permitted impacts fell under Section 404 of the CWA, followed by Sections 9 and 10 of the 1899 Rivers and Harbors Act (RHA); and those impacts were the focus of this study. Stream mitigation can also be used for permitted impacts that fall under Section 303 of the CWA and Section 10 of the Endangered Species Act (ESA) [14] and lays out a road map for stream mitigation moving forward in Colorado. Accordingly, much of the discussion of our results is placed within the context of the 2008 Rule. The 2008 Rule emphasizes that the first priority is to avoid impact, then minimize, and only use mitigation as a last resort. If mitigation is needed, the 2008 Rule gives preference to the method that will provide the most 'functional lift,' which it considers to be restoration (establishment or re-establishment of the full suite of aquatic resource functions), followed by rehabilitation (increases in most or all functions), then enhancement (lift of one or a few selected functions), and finally preservation (provides no functional lift). Thus, restoration is the generally preferred mechanism. In terms of who provides the mitigation/restoration, the 2008 Rule makes it clear that mitigation banks are the preferred provider because the offsets would occur before the impact and the mitigation project would be thoroughly vetted beforehand, compared to an in-lieu fee program (ILF) where multiple impacts may have to accumulate before mitigation is performed. One advantage of ILF, however, is that they "may be able to better target their activities to watershed needs and priorities." Permittee-responsible mitigation (PRM) is the least preferred source of mitigation credits in the 2008 Rule.
Since the 2008 Rule, the number of mitigation banks and ILF programs across the nation has increased considerably, and there has been increasing reliance on these programs to meet compensatory mitigation requirements for permitted impacts [15] . As a result, there has been a decrease in reliance on PRM, especially on-site PRM. Since 2008, the number of stream mitigation banks has more than doubled nationwide, with most of these in the southeastern and south-central USA. The number of stream credits generated by and debited from mitigation banks has rose steadily since 2009, with more than 60 km of stream credits debited in 2014 alone [15] . In Colorado, however, there have not been any stream mitigation banks approved since 2010.
Another stipulation of the 2008 Rule is that mitigation/restoration should be in-kind. That is, stream impacts should be offset with stream credits. Most of the non-PRM permanent riverine impacts from our analysis were offset with wetland credits, which is not in-kind mitigation and results in a net loss of functional streams [9] . Given there are no ILF programs in Colorado, the other unaccounted impacts should have been offset by mitigation banks. Further, it appears that some of these permanent riverine impacts requiring mitigation may have been offset with fewer credits than permitted, although we were not able to specifically quantify. In light of all these shortcomings of the intended purpose of the CWA and the 2008 Rule, and given the intensity and extent of current and future development, there is a need and strong desire by USACE, EPA, and local resource managers for the broad-scale establishment of stream mitigation banks in Colorado. While there is a reliable market for wetland mitigation banks in almost every state (Colorado included), the number of stream mitigation banks are far fewer, and are noticeably missing from western states like Colorado [14] . We found that the lack of stream mitigation banks in western states is largely due to regulatory climate and challenges that are unique to western streams compared to eastern streams.
Overall, the results of this study have demonstrated that there is high demand for compensatory stream mitigation currently and for the near future. Practically all of the permanent riverine impacts and their associated losses of ecological functions were offset with PRM sites, which as four interviewees confirmed, do not perform as well as mitigation banks in terms of long-term ecological function. From these interviewees, we learned that mitigation banks are generally held to higher standards (compared to PRM) because (1) the permitting process for them is more rigorous, (2) they have more financial resources, (3) they have more knowledge and experience on what makes a successful project, (4) they are able and required to do more comprehensive monitoring, and (5) their reputation and financial security depends on long-term success of their projects.
While stream mitigation banking is driven by stream impacts and the regulatory agencies requiring compensatory mitigation offsets for projects, there also needs to be nearby streams in need of restoration to offset the impacts. When talking with university scientists and resource managers, a consistent comment that stood out was the degraded condition of most of Colorado's streams, particularly in terms of their geomorphology, floodplain ecology, and overall biophysical condition. Colorado has a long and extensive history of logging, mining, and intensive agricultural practices, all of which has had many impacts on the sediment regimes, bed sediment, channel morphology, and stream ecology [19] [20] [21] [22] . The removal of wood and beavers from rivers has had a particular degrading impact on floodplain connectivity and complexity [23] . Now, with the widespread and intensive (sub)urban development (and associated road expansions and large-scale water development projects) occurring across Colorado, sediment regimes, channel/floodplain morphology, overall water quality, and stream ecology are experiencing new threats. Several of the interviewees see stream mitigation banking as one mechanism to improve some of these degraded streams across Colorado.
Future Demand for Stream Mitigation Credits in Colorado
The exact nature of demand for stream mitigation in a jurisdiction as large as a U.S. state is partially (if not mostly) opaque, insofar as it is a function of heterogeneous and hard-to-quantify regulatory climate variables. Nevertheless, demand for stream mitigation is also, by definition, a function of stream impacts-for mitigation would not be necessary in the absence of impacts. Unlike most regulatory climate variables, many types of stream impacts are consistently detectable for large-extent study areas in empirical data. Moreover, data on historical impacts can plausibly provide insight into future impacts. Resting on this foundation, a two-part GIS-based suitability analysis was conducted to identify spaces in Colorado where growth and demand pressures are likely to result in stream impacts.
First, historical data were used to create a composite index to represent a location's stream impact risk, or potential demand for mitigation. That index was compared between locations where known permitted impacts were observed and locations with no known impacts. In both a parametric t-test and a non-parametric Mann-Whitney/Wilcoxon test, the index proved to be significantly different between the two types of locations (Appendix B). In that sense, we argue, the index has value as a proxy for risk of development-related impacts. Second, the composite index was re-calculated using projected values of the selected input variables, where projections were obtained from Esri Business 2016. Upon spatializing the index, we identified approximately 17.5 million LF of stream segments (nearly nine percent of all stream segments in the state of Colorado) that are characterized by High (index values more than two standard deviations above the mean) or Very High (index values more than three standard deviations above the mean) levels of impact risk.
The upshot is that Colorado's rapid growth and forward-marching economy are placing ever-greater pressures on the state's already scarce water resources and their parent ecosystems. Stream mitigation banking represents one potential mechanism for accommodating the coming growth while alleviating some of these ecological pressures, by making mitigation a more efficient enterprise. Yet, because establishing mitigation banks requires a combination of regulatory support and entrepreneurship, as well as considerable financial risk-taking, the prospects for mitigation banking in Colorado are arguably slim absent hard empirical evidence that sufficient demand exists to make the venture mutually beneficial for bankers, developers, regulators, and all other stakeholders. Our analyses suggest that near-term development-related land use changes are likely to be impactful enough to warrant investments-both political/regulatory and financial-into mitigation banking.
Regulatory Climate in Colorado as It Pertains to Stream Mitigation
While there may be high demand for stream mitigation in Colorado, mitigation bankers will have to navigate through both the state and federal regulatory climate, both of which are experiencing significant changes related to stream mitigation. Colorado is comprised of three USACE districts (Figure 1 The last key item from the 2008 Rule that is relevant to our study is the stipulation for the development and implementation of regional (e.g., state-level) protocols for quantifying functional losses (debits) and gains (credits) to aquatic resources. That is, functional metrics should be used to determine mitigation credits. While linear feet (LF) and acres (AC) have been used widely to quantify aquatic resource losses and gains, their use has been a stopgap measure until functional assessment methodologies are approved. The three USACE districts, in coordination with EPA and state agencies, are currently developing the Colorado Stream Quantification Tool (CO SQT), which is based largely on the concepts and methodology of the Stream Functions Pyramid framework [25] . Based on our interviews, this functional assessment methodology is expected to be implemented within the next year.
There are a few other federal regulatory considerations for mitigation bankers that could affect demand for stream credits. NEPA, ESA, and specific habitats are now given more consideration than in the past, which could generate more impacts requiring mitigation. There is now greater scrutiny on development activities, and greater sophistication is required by developers to prevent impacts, which could lower stream credit demand. Another federal regulation that could lower stream credit demand is the new Clean Water Rule for jurisdictional waters of the USA (WOTUS) that is currently under review. This new rule, which proposes to remove many ephemeral and intermittent stream channels in the arid/semi-arid West from WOTUS, could have particular consequences in states like Colorado where approximately 70% of all their stream length is classified as intermittent or ephemeral streams [15] .
While the state regulatory climate has less influence on determination of and demand for stream mitigation credits, there are a few state-level policies/initiatives that mitigation bankers need to be aware of. Over the past decade there has been a push by most Colorado state agencies to approach stream restoration at the landscape/watershed-scale using process-based success criteria. This watershed-scale approach now has policy and funding behind it, manifested as Stream Management Plans and Watershed Protection Plans in the most recent 2015 Colorado Water Plan. The reason mitigation bankers should pay attention to these watershed plans is that the 2008 Rule has specific guidance that the USACE district engineer should evaluate proposed mitigation banks within the context of any existing watershed plans. While these plans will not likely 'make or break' a proposed bank site, they may influence local support for the projects.
Finally, interviewees had some interesting insights on differences between wetland mitigation vs. stream mitigation. The major difference between wetland mitigation and stream mitigation is that wetlands are largely closed systems in terms of surface water hydrology and impacts. Streams, on the other hand, are open systems where any impact can have upstream and downstream effects on channel morphology, water quality, and stream ecology. In addition to these longitudinal impacts, in-channel impacts can also have lateral impacts (riparian/floodplain), vertical impacts (groundwater), and temporal impacts (channel changes over time in response to slow and fast variables) [26, 27] . Thus, any impact or mitigation to a stream can lead to multi-dimensional changes over both space and time. A major concern of several interviewees (across all sectors) was how functional assessments and stream credit generation/debiting would incorporate these indirect or secondary impacts. Thus, an important question is what will be the cumulative impacts and/or benefits for stream mitigation across Colorado's large, diverse watersheds?
Challenges for Stream Mitigation Banks
There has only been one stream mitigation bank approved in Colorado, the Animas River Wetlands bank in the southwestern corner of the state (Figure 4 ). This was a unique situation in which the landowners established the bank and they were fortunate on three accounts: (1) as it was long-held family land, they had evidence showing there used to be a stream channel on their property, which allowed them to relatively easily create/restore a new channel that generated 2539 LF of stream credits; (2) they have senior water rights from the mid-1800s that are tied to their homesteaded land, providing hydrological assurance for the stream restoration; and (3) the banking instrument was approved prior to the 2015 SPD regulations and performance standards. Future proposed stream mitigation bank will not be this fortunate. Indeed, there were three proposed stream mitigation banks in Colorado at time of writing, but none were approved yet. The challenges that these pending and future stream mitigation banks face are numerous and complex (Table 10) . We focus on the major ones below.
What makes it so difficult to establish an approved stream mitigation bank in Colorado? The consensus from the interviewees was that the greatest challenge, by far, is hydrological assurance. The USACE project managers I interviewed said that they have met with many mitigation bankers about numerous proposed bank sites, but only a few have resulted in complete applications because of the difficulty the banker has in providing hydrological assurance. For every stream mitigation bank, USACE requires hydrological assurances in two aspects. First, the stream needs to have a reliable flow regime that supports the ecological functions for which the project is designed. This aspect includes minimum flows for fish and other aquatic species, but also may require periodic overbank flows if riparian vegetation is part of the restoration. In Colorado, USACE requires a letter from DWR indicating that the proposed stream reach will likely have a reliable flow regime. In most circumstances, the mitigation banker will have to obtain a permanent water right, and a relatively senior one, to guarantee these required flows. Acquiring a permanent water right in Colorado is time-consuming and expensive because it is a prior-appropriation state where the vast majority of the water has already been allocated.
Even if the mitigation banker finds an opportunity to obtain a permanent water right, another challenge will be making sure there are no objections to this water right. Colorado has a state policy of limiting "buy and dry" of agricultural water rights for other uses. A majority of the senior water rights, particularly the large ones, were designated for irrigation. Thus, mitigation banks will likely be obtaining water rights that were previously used for irrigation. Keeping in mind that many other entities are securing previous agricultural water rights for uses such as urban water supply, energy development, recreation, and instream flows; there may be efforts to limit these types of water transfers, particularly from water developers. This action would trigger several consequences. First, the price of water rights would increase even further in this more active market. Second, water right transfers for instream flows may be limited or require an even more complex process than already exists. Further, there are different 'types' of water and some local governments/agencies (e.g., water conservancy district) may impose restrictions on how and when that water is used. The mitigation banker must also demonstrate that none of the project activities will cause an "injury" to other water rights holders. One particular concern of DWR is that restoration activities such as riparian plantings do not increase evapotranspiration water losses, which is considered to be a consumptive use that would require an additional water right. In sum, "getting the water right" for a stream mitigation bank in Colorado will require creativity, extensive planning, longer permit periods, and greater financial resources compared to most other states. Table 10 . Major challenges for stream mitigation banks in Colorado (CO).
Challenge Description
Hydrological Assurance USACE will only approve banks that demonstrate hydrological assurance, in terms of both flow reliability (flow guaranteed by the State) and project endurance (restoration will withstand floods and droughts).
Water Developers Environmental instream flows that are required above reduce available water for development, and are thus being contested by water developers.
Uncertainty of a functional assessment tool
The earliest that CO SQT would be approved is late-2019; but even then, this tool may not be the sole determinant of 'functional feet' used to quantify/debit stream mitigation credits.
Complex river systems CO rivers, particularly along the Front Range, have complex geometries (e.g., multi-thread channels and hard-to-define riverbanks) that may not fit easily into the SQT.
Uncertainty of new Clean Water Rule
The uncertainty on the definition of jurisdictional waters creates a lot of risk.
Will Stream Mitigation Banks Accomplish the Objective of Restoring and Maintaining the Chemical, Physical, and Biological Integrity of Colorado's Waters?
The degraded state of most of Colorado's rivers has several implications for stream mitigation and stream restoration more broadly. First, stream mitigation is only for new activities; thus, restoration or rehabilitation of stream function and health at a broad scale will require other mechanisms or policies beyond compensatory mitigation. Second, when stream impacts and potential mitigation improvements (e.g., through restoration of a nearby stream) are being assessed, we believe that more of an adaptive capacity approach should be taken. USACE and EPA stress the importance of project permanence in terms of ecological performance, but stream systems in Colorado have a wide historical range of variability from historical land uses and climate variability [20] . With many Colorado streams dependent on snowmelt runoff, many streams sensitive to small increases in air temperature (particularly within the context of coldwater fisheries), and many streams susceptible to catastrophic flooding from more intense storms, it is imperative to assess project permanence in light of these environmental changes. An adaptive capacity-based strategy fits within growing urban planning and design paradigms that call for development that creates net benefits to affected ecosystems [28] by making only context-sensitive changes that draw on the (socio-ecological) particulars of the site being developed [29] .
Several scientists and resource managers expressed the optimism that there is increased interest and application of process-based restoration, particularly with regards to river floodplain complexity and connectivity. With the increasing re-introduction of large wood, beavers, and beaver dam analogues (e.g., Zeedyck dam), restoration practitioners are increasing river floodplain complexity and connectivity. To what extent could this approach be incorporated into stream mitigation regulations, policies, and protocols under the Clean Water Act? From this research, we have gained some insight into how this approach may work, but actually developing the enabling mechanisms for this approach will be fraught with challenges. Practically all scientists and resource managers interviewed recommended treating the river as a system where floodplain and channel would be considered together for purposes of both impact and mitigation. While this recommendation may be justified from an ecological perspective, it is not likely to be followed within the foreseeable future because of USACE's jurisdiction of only in-channel impacts and mitigation, and because of all the regulations and protocols in place for stream mitigation.
An interesting topic that came up during three of our interviews was the cumulative impact of stream mitigation, since most stream mitigation is accomplished through small, reach-scale projects. To what extent do these reach-scale projects benefit the health of the entire stream system, and watershed more broadly? Section 404 permitting and its goal of minimizing individual impacts (below regulated thresholds such as 0.5 AC or 300 LF of stream) has resulted in a lot of small impacts to streams, requiring relatively small-scale mitigation and relatively few of the more ecologically rigorous Standard Permits. In fact, most of the section 404 permits do not require mitigation. So the question is: Are our streams dying from a thousand papercuts? A more extensive analysis of the ORM and RIBITS databases, beyond what we did for this study, may reveal the overall impact that the 2008 Rule, section 404 permitting, and compensatory stream mitigation has had on our nations waters.
The last issue that needs addressing, and is related to all previous discussion, is how can mitigation bankers and others in the stream restoration industry game the system, particularly in Colorado with the new tools and protocols that are being implemented. This topic was recently brought to light by Doyle and colleagues [30] , where they showed that by inappropriately increasing stream length, you can increase stream credits. If the CO SQT is adopted, there are many opportunities to game the system by increasing functional feet in the spreadsheet-based calculations [31] . Functional feet, as used in the CO SQT, is most dependent on stream length, so by increasing length of restored stream, one can increase their functional feet. There is also the issue of what happens when you restore multi-thread channels, which are common in Colorado but have not been addressed by CO SQT yet. Second, and less obvious, is that the functional feet calculation is dictated by the Rosgen stream type used, which means you can change the stream type to generate more functional feet credits. Third, now with watershed location as an input variable to determine functional feet, the placement of the stream mitigation bank may be situated in a place that earns the most functional feet, but does not provide the most ecological lift to the watershed. Fourth, while the purpose of CO SQT is to reduce the amount of subjectivity and uncertainty in functional assessments, by using so many variables, uncertainty in assessments may actually increase. Specifically, uncertainty is exponentially proportional to the number of variables used in the assessment-to say nothing of the fact that some of the variables used in the CO SQT (e.g., the Rosgen stream type and basin condition) are subjective. By exposing all the ways that stream mitigation credits can be inappropriately gamed, we can hopefully prevent this from happening.
Conclusions
Our study has shown that there is high demand for stream mitigation banks in Colorado currently, and demand is likely to increase even further in the near future. Supply of stream mitigation banks in Colorado has not kept pace with this demand, meaning that stream impacts have not been offset with appropriate mitigation required by the CWA and the 2008 Rule. This lack of compliance should be a wake-up call for all stakeholders in Colorado concerned with stream water quality and overall ecosystem health. We have summarized many of the initiatives that are currently taking place to resolve this issue, and we recommend follow up studies to ensure that stream mitigation banks are accomplishing the objective of restoring and maintaining the chemical, physical, and biological integrity of stream systems in Colorado and beyond. Colorado is considered to be the headwaters of the USA, where its streams flow downstream to 18 other states and drain to both the Pacific and Atlantic Oceans. So, what happens in Colorado affects an entire nation and a global ecosystem.
On that note, our study marks an important first step to understanding the landscape of stream impacts (and potential for mitigation banking) in a consequential study area. Like any pilot study, however, this research is characterized by numerous limitations. For instance, while we characterized broad-scale impacts from types of development activities, we did not have enough time to investigate specific planned developments. More precisely, the trade-off we faced was largely one of breadth (in terms of geographic extent) versus depth (in terms of integrating specific development activities). Because our research questions and interests were in characterizing demand (1) at a relatively fine grain or resolution, but (2) for a large, statewide study area, we were forced to draw on data that are measured consistently across political boundaries throughout Colorado. For that reason, our methodology was built around federal (e.g., U.S. Census Bureau) and statewide (e.g., CDOT) data. Relying solely on such datasets inevitably misses the activities contained in regional, county-, city-, and community-scale plans. For example, consider that the largest single-permit impacts (in terms of functional LF of stream) appears to be dam constructions and dam elevation projects. We are aware of two proposed off-channel reservoir construction projects near Fort Collins and three proposed dam elevation projects. There will also likely be a large amount of demand for stream mitigation associated with the Northern Integrated Supply Project (NISP) and other large-scale water supply/development projects. However, to maintain our commitment to a fine resolution/large extent study that characterizes demand in a systematic and consistent fashion across the state, we were unable to incorporate these and related (specific) development plans. A future, more in-depth analysis could focus on one or two region-scale watersheds.
Next, while the preceding paragraph described the trade-off we faced between study area extent and contextual data, which forced us to use relatively broad federal and statewide datasets, an additional limitation of our demand/impact analyses is that we filtered our broad federal and state data through a single analytical process. Stated another way, we combined variables into composite measures using only one GIS-based technique. Future work is needed to test alternative methods of data combination (e.g., multiplicative combination rather than additive), and-even if our method is found to be the most suitable-conduct sensitivity analyses using multiple variable weighting schemes. Moreover, because the bulk of the data used in this study comes from federal sources, or from Colorado state sources that have analogs in most other U.S. states, it is important to replicate our work in other study areas for external validation. Although the variables we leveraged proved reliable for distinguishing (1) between known ORM impact sites and non-impact sites, as well as (2) between ORM impact sites that required mitigation and those that did not (Appendix B), this pattern of results may not hold in all study areas. Thus, the work must be carried forward and tested elsewhere. Despite these limitations, we submit that the analyses and results contained hereinbefore represent an important first step forward in developing a replicable methodological approach to assessing potential stream mitigation demand due to development pressures at the scale of an entire U.S. state.
Building on the foregoing example, the discrete or object view of the world is arguably appropriate for thinking singularly about phenomena such as streams, stream impacts, road segments, and the other concepts described in Table 1 . However, the types of phenomena of interest to research questions #3-8-such as "land use change" and "at risk for impacts"-are more complex, in that there is no room for otherwise empty space. Put differently, land use exists everywhere and is subject to change everywhere; likewise for development risks. Accordingly, a field or continuous view of the world is seemingly better equipped to tackle the questions at hand. Within this view of the world, phenomena vary continuously across space-they exist everywhere. One means for representing continuous phenomena in a GIS is the raster data model. The raster data model effectively overlays an imaginary grid onto a study area, where all grid cells are uniform in size. The size of a grid cell is referred to as the resolution of the dataset. Each grid cell, or pixel, is assigned a value for the phenomenon of interest. In this manner, the phenomenon is represented across the entire surface of the study area.
Situated on the preceding foundations, the first step in answering the outstanding research questions is to rasterize the datasets described in the report. The reasons for doing so are implicated in Table A1 , which lists the general protocols for answering research questions #3-8. Table A1 . Approach to answering the remaining research questions.
# Research Question
Protocol for Answering Question 3 Do proxy variables for recent land use change (e.g., population change, housing unit change) differ significantly between impact sites that required mitigation and those that did not?
Impact sites from the ORM dataset are represented as discrete points. Raster datasets must be created to describe the continuous land use properties and changes surrounding these locations to better characterize differences, if any, between sites that required mitigation and those that did not.
4
Where are impacts likely to occur in Colorado in the next~5 years?
Because land use change can occur anywhere, it is necessary to represent the potential for development-related land use change (and impacts) across the full extent of the study area. Raster modeling can be used to combine risk factors.
5
Which stream segments in Colorado are most at risk for impacts in the next~5 years?
Stream (vector) data can be overlaid onto the potential development impacts (raster) data created in the previous step to identify streams that are likely to be impacted in the near future.
6 How many linear feet of streams in Colorado are at risk for impacts in the next~5 years?
Using the output from the preceding step, the length of stream segments that intersect with high-development-risk areas can be summed.
7
How many linear of feet of streams in each HUC-8 unit in Colorado are at risk for impacts in the next~5 years?
The total length of at-risk streams identified in response to research question #6 above can be broken down by HUC-8 unit. The quantitative information from the previous step can be summarized in more qualitative terms.
Within a GIS framework, there are several ways to rasterize vector datasets. One method that is particularly well-suited to the current investigation is called kernel density estimation (KDE). KDE weights input point and line features by relevant attribute values, if any (e.g., population for a census block centroid, or linear length for a stream segment), and fits a smoothly curved surface over the discrete features. In the process, grid cells in the output raster dataset receive diminishing values the farther they are from the discrete vector objects. The exact values assigned to grid cells are, as the name of the method implies, densities, or the magnitudes of a phenomenon per unit area. For instance, a KDE output surface derived from the vector input Population Change will report the difference in the number of persons (for a given time period) per unit area in each pixel or raster grid cell within the study area.
Based on the geographic extent of the Colorado study area, we set a standard resolution for all raster datasets at 1800 m. The 1800-m resolution size was suggested by an algorithm in Esri's ArcMap 10.5.1. For Colorado, a resolution of 1800 m translates to approximately 87,000 grid cells that are 3.24 square kilometers in area (roughly 800 acres). Figure A1 illustrates the process for creating the eight equal-resolution raster datasets that are used below to explore differences between permitted impact sites in Colorado where mitigation was required and those where mitigation was not needed (research question #3). Four additional datasets were created and considered for these purposes: (1) distance from highways; (2) distance from rail lines; (3) hardrock mine density; and (4) oil and gas line density. However, these four datasets were not useful for distinguishing between mitigation and no-mitigation sites in relevant statistical tests. Accordingly, they were not included in the final demand analyses. For that reason, they do not merit listing in Figure A1 . The next step in addressing research question #3 was to describe land use and land use changes at the known impact sites listed in the ORM dataset. Accomplishing this task was relatively straightforward, as it merely involved extracting values from each of the newly created raster datasets ( Figure A1 ). More specifically, each impact point from the ORM vector dataset was assigned the value of the pixel in which it fell in a given raster dataset. (Note: bilinear interpolation using adjacent pixels was employed in this process, so that the singular points used to represent impact sites are more reflective of their surroundings.) This process is illustrated in Figure A2 . The next step in addressing research question #3 was to describe land use and land use changes at the known impact sites listed in the ORM dataset. Accomplishing this task was relatively straightforward, as it merely involved extracting values from each of the newly created raster datasets ( Figure A1 ). More specifically, each impact point from the ORM vector dataset was assigned the value of the pixel in which it fell in a given raster dataset. (Note: bilinear interpolation using adjacent pixels was employed in this process, so that the singular points used to represent impact sites are more reflective of their surroundings.) This process is illustrated in Figure A2 .
The data described in the right-hand box of Figure A2 were used to examine differences between permitted impact sites that required mitigation and those that did not. More precisely, in light of highly skewed variable histograms, nonparametric two-sample Mann-Whitney/Wilcoxon tests were used to compare the distributions (and, roughly, the median values) of the seven impact-related variables between mitigation and no-mitigation locations. The results of these tests provided initial feedback on the extent to which the adopted proxy variables (Table A3, Figure A2 ) had utility for characterizing stream mitigation demand in Colorado. Water 2019, 11, x FOR PEER REVIEW 31 of 37 Figure A2 . Characterizing land use and land use change at known impact sites.
The data described in the right-hand box of Figure A2 were used to examine differences between permitted impact sites that required mitigation and those that did not. More precisely, in light of highly skewed variable histograms, nonparametric two-sample Mann-Whitney/Wilcoxon tests were used to compare the distributions (and, roughly, the median values) of the seven impact-related variables between mitigation and no-mitigation locations. The results of these tests provided initial feedback on the extent to which the adopted proxy variables (Table A3, Figure A2 ) had utility for characterizing stream mitigation demand in Colorado.
Prior to moving on, note that the datasets and statistical tests discussed above can be used to describe current conditions and provide insights into the observed land use characteristics and changes that covary with known impacts and mitigation cases in Colorado. In that sense, they allowed us to understand which variables were relevant to mitigation demand based on the distribution of known mitigation cases. However, they did not allow for evaluations of research questions #4-8, which deal with probable future demand for mitigation based on expected land use characteristics and changes. Therefore, the next step was to attempt to represent projected changes in the development-related variables listed on the right-hand side of Figure A1 . Toward that end, we relied on the following datasets that are referenced in Table 1 Prior to moving on, note that the datasets and statistical tests discussed above can be used to describe current conditions and provide insights into the observed land use characteristics and changes that covary with known impacts and mitigation cases in Colorado. In that sense, they allowed us to understand which variables were relevant to mitigation demand based on the distribution of known mitigation cases. However, they did not allow for evaluations of research questions #4-8, which deal with probable future demand for mitigation based on expected land use characteristics and changes. Therefore, the next step was to attempt to represent projected changes in the development-related variables listed on the right-hand side of Figure A1 . Toward that end, we relied on the following datasets that are referenced in Table 1: Esri projected population and housing unit growth rates from 2016 to 2021; Projected job growth from 2015 to 2021 (Note: 2015 is the most recent year of data available in the U.S. Census LODES dataset described above. To arrive at future job forecasts, the team relied on a type of polynomial autoregressive model in which 2015 job counts were modeled as a function of job counts in each year from 2010 to 2014, as well as the squares of those past job counts. Backwards selection revealed that only the two most recent periods (2013 and 2014), as well as their squares, had sufficient explanatory power for the 2015 job count. The parameters from a model with those four terms and an intercept were then applied iteratively to estimate job counts for 2016-2021. In other words, the job forecasts are based on somewhat of a two-period moving average. To mitigate the high uncertainty involved in the forecast process, the average of the six [moving-average] estimates were taken and used to represent "future job counts" in the demand analyses. These forecasts estimate 3.4% annual growth in jobs through 2021, which is admittedly overly optimistic relative to the 2.7% annual growth that occurred between 2010 and 2015, and the 2.2% growth rate that was expected to occur between 2016 and 2017 (Svaldi, 2016) . It is recommended that future studies conduct sensitivity analyses and compare and contrast estimates from additional projection methods to quantify expected job change at the census block level. For the present pilot study, we rely on the optimistic forecasts only.); USGS EERMA energy potential (gas and oil; geothermal); CDOT authorized transportation projects; Developable sites featured on Colorado InSite; and Local and major roads currently classified by CDOT as Congested.
Assuming that existing oil and gas facilities and existing construction mines continue to operate into the future-and continue to require maintenance or perhaps even expand-the current distributions of these features were retained in the future analyses. That being said, Figure A3 illustrates the process for converting our future-related vector datasets into equal-resolution raster datasets for demand analyses. Observe that the same method (KDE) that was used above was employed here as well. Further observe that Figure A3 is effectively a future-data version of Figure A1 . Relative to Figure A1 , however, Figure A3 incorporates four additional datasets, which are highlighted in red.
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Assuming that existing oil and gas facilities and existing construction mines continue to operate into the future-and continue to require maintenance or perhaps even expand-the current distributions of these features were retained in the future analyses. That being said, Figure A3 illustrates the process for converting our future-related vector datasets into equal-resolution raster datasets for demand analyses. Observe that the same method (KDE) that was used above was employed here as well. Further observe that Figure A3 is effectively a future-data version of Figure A1 . Relative to Figure A1 , however, Figure A3 incorporates four additional datasets, which are highlighted in red. Figure A3 . Using KDE to convert discrete feature distributions into equal-resolution surfaces (* indicates that KDE was not used to create these binary-valued raster datasets; see below.)
Two of the red-highlighted datasets from Figure A3 -CDOT authorized projects and Colorado InSite developable sites-were converted into raster surfaces using the same steps and KDE technique discussed earlier. In the former case, CDOT-authorized projects were represented as linear features in the GIS data layer. Thus, KDE was used to compute the length (in meters) of construction projects per kilometer in 1800-m resolution raster pixels. For Colorado InSite point locations, the LotSize attribute was used as a weight in KDE to compute the amount of developable land (in acres) per kilometer in the resulting raster surface. In Figure A3 . Using KDE to convert discrete feature distributions into equal-resolution surfaces (* indicates that KDE was not used to create these binary-valued raster datasets; see below.)
Two of the red-highlighted datasets from Figure A3 -CDOT authorized projects and Colorado InSite developable sites-were converted into raster surfaces using the same steps and KDE technique discussed earlier. In the former case, CDOT-authorized projects were represented as linear features in the GIS data layer. Thus, KDE was used to compute the length (in meters) of construction projects per kilometer in 1800-m resolution raster pixels. For Colorado InSite point locations, the LotSize attribute was used as a weight in KDE to compute the amount of developable land (in acres) per kilometer in the resulting raster surface. In contrast, the two remaining red-highlighted datasets from Figure A3 were treated differently. In both cases, areas of energy potential were represented by USGS EERMA as polygons. To rasterize these polygons, 1800-m resolution grid cells were assigned a value of 1 if their center fell within the polygons, and grid cells outside of the energy potential polygons were assigned a value of 0. Thus, the asterisks in Figure A3 indicate that the two flagged datasets were not generated with KDE, but were instead created by a simpler binary assignment technique.
With respect to current demand, recall that the impacts in Table A2 were taken into consideration. Further recall that Transportation and Development impacts were both regarded as "major" determinants of stream mitigation demand, given their high relative frequencies among 2012-2017 mitigation cases. Energy Generation and Mining and Drilling were both regarded as "minor" determinants on similar grounds. The selection of variables used to quantify demand (Table A2) reflects these categorizations insofar as major impacts were measured with at least two variables for every one variable used to measure minor impacts. As shown below, this choice ensured that major impacts had substantially more influence in the measures of demand than minor impacts. Still, given Assumption #2 from above, all impacts-whether major or minor-cannot be considered independent of the density of streams at the impact sites. Indeed, stream density is arguably the most important lens through which to view development impacts when assessing stream mitigation demand. With those points in mind, a four-step process was used to compute a composite index of current stream mitigation demand from the seven variables listed in Table A2 plus stream density. First, the seven reclassified impact-related variables were combined additively via map algebra. Additive combination ensures that variables related to major impacts, which are represented in greater numbers, are more influential than minor impacts. Still, other functional forms-such as multiplicative combination-should be considered in future research. At any rate, summing the seven reclassified raster datasets in Step One creates a composite variable with a theoretical range from 7 to 70, though the observed range was 7 to 61.
Step Two involved scaling the composite variable to make it more user-friendly. Specifically, let C i represent the composite, current impact score for raster pixel i. The following formula was used to place C on a comparably digestible scale of 0-10:
where, again, the minimum (min) observed value of C is equal to 7 and the maximum (max) is equal to 61 in the Colorado dataset. Next, Step Three involved weighting the scaled composite index values by reclassified stream density, where original values of stream density were transformed according to the procedure described above:
While the theoretical range for the Current Demand variable is 0 to 100, the observed range for the 87,444 1800-m resolution pixels that cover the state of Colorado was 0.19 (minimum) to 98.15 (maximum), with a median of 10.55 and a mean of 13.51 (std. dev. = 10.55). Finally, the composite Current Demand measure was converted into a z-score for each pixel, by subtracting from each value the mean and dividing by the standard deviation. This step was taken to aid in classifying the demand/impact risk level of pixel cells later in the analyses (see below).
For future demand, we used an analogous four-step process that was applied to the reclassified variables enumerated below in Table A3 . As before, variables representing major impact types strongly outnumbered variables representing minor impact types. On a similar note, observe that the two additional "energy potential" variables take on values of 0 or 1 exclusively. Therefore, while all other reclassified variables can contribute as much as 10 units to the initial composite impact score, the maximum that these (minor impact) variables can collectively contribute to the overall score is two units. That being said, future demand was computed by first summing the 11 reclassified raster datasets from Table A3 . The theoretical range for this intermediate variable is 9 to 92, while the observed range was 9 to 88. Following similar steps from above, this variable (F) is placed on a scale from 0 to 10: Note the slight tweak to the formula for future demand relative to the current demand equation. Specifically, the minimum and maximum values from the current demand variable from above, C, are used to scale future demand. The reason for doing this was to account for any residual demand or risk that might be present from land use changes that are currently operating. In practice, the adjustment does not alter the shape of the variable's distribution in any way, since it affects all observations equally. It is simply a precaution to account for any changes that might be occurring in the present. With that in mind, future demand was quantified as:
and ultimately transformed into a z-score. The unstandardized version of the future demand variable, which has a theoretical range from 0 to 100, had an observed range from 0.95 (minimum) to 100 (maximum), with a median of 10.48 and a mean of 13.60 (std. dev. = 11.31).
Prior to relying the future demand variable, it is important to first demonstrate that the indices described hereinbefore are useful proxies for stream mitigation demand. To make this case, the current demand index was extracted for each of the known impact sites from the ORM dataset (refer to the process described in Figure A2 ). By way of a standard two-sample t-test (for differences in means) and a two-sample Mann-Whitney/Wilcoxon test (for differences in distributions and, roughly, medians), we were able to understand the extent to which the demand index differentiated between impact sites that required mitigation and those that did not. 
Energy Generation Minor
Density of oil and gas facilities Oil and gas potential (binary) Geothermal potential (binary)
Mining and Drilling Minor Density of active construction mines sample of 2412 pixels (twice the number of impact pixels) was drawn from the raster dataset. Table A5 presents the results from a t-test and a Mann-Whitney/Wilcoxon test that compares the Current Demand index for known impact points relative to randomly selected (non-impact) points throughout the state of Colorado. As expected, the index takes on substantially higher values at known impact sites. Apart from supporting the claim that the land use-related variables employed in this study are suitable for detecting stream impacts, the results from Table A5 contain an interesting insight. Namely, on average, locations of stream impacts take on a Current Demand value nearly two standard deviations above the variable's mean (compared to an average z-score of −0.30 for all other sites, and a mean of 0 for the full dataset). Using this observation as a jumping-off point, the following scheme was adopted to characterize demand (or, equivalently, risk of stream impacts):
Low: Current Demand (z-score) < 1.0 Moderate: 1.0 ≤ Current Demand (z-score) < 2.0 High: 2.0 ≤ Current Demand (z-score) < 3.0 Very High: Current Demand (z-score) ≥ 3.0 Figure 5 maps the distributions of these risk levels for current data. Figure 6 shows analogous information for future data.
